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Abstract: We address the question of the nature of Au NP activation 
and through a combination of experimental and theoretical 
techniques. In-situ XPS measurements of Au/TiO2 during CO 
oxidation show high catalytic activity can be associated with the 
formation of an ionic Au species. DFT calculations performed on 
Au/TiO2 show that the formation of such ionic Au is due to a strong 
metal-support interaction between Au and reduced and defective 
TiO2. TEM supports these findings, indicating the formation of an 
overlayer of transition metal oxide support on Au NPs after CO 
oxidation. These results suggest TiO2 lattice oxygen is involved 
directly in CO oxidation, which was confirmed with labeled 18O2 
experiments. 
The ability of supported gold nanoparticles (Au NPs) to catalyze 
CO oxidation was discovered by Haruta et al. [1]. Despite 
considerable attention from the scientific community the reaction 
mechanism and active sites are still controversial due to the 
intricate relationships between the structure and function of 
multiple types of adsorbates (CO, O2, O, OH, CO2) [2,3]. The 
oxidation state of catalytically active Au is under debate. It was 
shown that under ultrahigh vacuum conditions or under low 
oxygen chemical potential anionic Au is formed [4]. On the other 
hand under catalytically relevant conditions cationic Au species 
are present [5].  The mechanism proposed for Au on non-
reducible supports is based on a reaction between O2, which 
absorbs on metallic Au, and CO, which adsorbs on cationic Au 
[3a]. For a model catalyst Goodman proposed a Au activation 
mechanism via quantum size effect, because small bidimensional 
Au NPs lose metallic properties [3b]. Finally, two mechanism of 
CO oxidation on Au involve reducible oxide supports. Haruta  
proposed that the reaction takes place at the interface between 
metallic Au NPs and the oxide support, in other words CO adsorbs 
on Au NPs and the support activates O2 [3c]. Later, a rather 
similar mechanism was proposed by Bond and Thompsons [3d], 
they assumed that Au cations at the Au-support interface are 
involved in the reaction mechanism. To unravel these links we 
studied Au/TiO2 catalysts using near ambient pressure X-ray 
photoelectron spectroscopy (NAP-XPS) combined with mass-
spectrometry, transmission electron microscopy (TEM), and 
density functional theory (DFT) calculations. 
Our previous work shows that oxygen-free supports do not 
provide Au NPs that are active in CO oxidation, regardless of 
particle size and method of synthesis [6]. In contrast, Au NPs on 
oxygen containing supports show high catalytic activity, which 
depends on the method of preparation: samples synthesized by 
deposition-precipitation show significant CO conversion at low 
temperature, in contrast to photo-induced decomposition method 
[7]. In this communication we report on the origin of the catalytic 
activity of Au supported on the transition metal oxide TiO2. 
Au/TiO2, obtained by deposition-precipitation [7], was placed in a 
NAP-XPS chamber to characterize the electronic structure of the 
fresh catalyst [8]. XP spectra of untreated Au/TiO2 are presented 
in Figure 1(i). A photon energy of 720 eV was used to collect the 
Au 4f spectra (Figure 1A), the probing depth was 1.1nm [9]. The 
Au 4f spectrum of Au/TiO2 before CO oxidation (Figure 1A(i)) 
shows the presence of two Au species: the main component has 
a binding energy (BE) of 84.0 eV and is assigned to metallic Au 
(Aumetal) [10]; a second component is shifted by 0.6 eV to higher 
BE and, according to the shift, is assigned to ionic Au (Auion) 
[3d,10a].  
The Au 4f spectrum of Au/TiO2 changes significantly under 
different gas atmosphere. Under O2, instead of an asymmetric 
peak consisting of Aumetal and Auion, a low intensity symmetric 
peak appears at BE 84.0 eV (Figure 1A(ii)). Curiously then, the 
Auion peak disappears completely under an oxidizing atmosphere, 
O2 at room temperature. It should be noted that during CO 
oxidation the catalyst was slightly charging, therefore the provided 
spectrum was measured in UHV after CO oxidation. However, an 
asymmetric line shape is restored after CO oxidation in a 1:2 
mixture of CO:O2 (Figure 1(iii)). In this case both metallic and ionic 
components are present in the spectrum, showing the introducing 
of a reducing agent to the atmosphere results in the apparent 
oxidation of Au though the intensity of spectrum is almost two 
times lower than prior to O2 treatment due to carbon accumulation 
(SI, Figure S3). After CO oxidation, the Au 4f spectrum shows the 
presence of both the Aumetal and Auion species. The presence of a 
mixture of Au0 and Au+ was earlier observed under a mixture of 
CO and O2 using in-situ X-ray absorption (XAS) [11]. The amount 
of Auion is larger after reaction than before (the Auion/Aumetal ratio 
changes from 0.15 to 0.25 before and after CO oxidation, 
respectively), as shown in Figure 1(iii). This increase in the 
Auion/Aumetal ratio confirms that Auion is produced during CO 
oxidation. Thus, Auion may play an important role in the reaction 
mechanism.  
 Figure 1. Au 4f XP spectra of Au/TiO2 synthesized by deposition-precipitation 
method (i) in UHV before CO oxidation at  100 °C, (ii) in O2 at room temperature 
and 0.3 mbar under flow and (iii) in UHV after CO oxidation (CO:O2=1:2) at 
100 °C at 0.3 mbar under flow.  
To shed light on the origin of the changes in the Au 4f spectra we 
turned to theory. DFT calculations show that oxidized TiO2 and Au 
interact weakly, resulting in a calculated or work of adhesion (W∞) 
< 0.1 J/m2 (Figure 2A). This is despite the fact that, as previously 
noted [12], the oxidized interface is the thermodynamically lowest 
energy state under a wide range of oxygen chemical potentials, 
see Figure S7. The high stability of the fully oxidized interface is 
a consequence of the strong Ti-O interaction, allowing Au to 
remain metallic with a 0.0 eV Au 4f surface core-level shift 
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computed for the interfacial Au atoms. In contrast, reduced TiO2 
shows a strong metal-support interaction (SMSI), increasing W∞ 
to 1.0 J/m2 (Figure 2B).  While it is thermodynamically less stable 
than the oxidized TiO2/Au interface under the oxygen chemical 
potentials used in our experiments, see Figure S7, the adhesion 
between Au and support is comparable to the 0.9 J/m2 computed 
for the Au(110) surface energy.  This SMSI is also seen between 
Au and defective supports (Figure 2C).  
Inspection of Löwdin charges suggests the SMSI is due to a 
depletion of d electrons on the Au atoms at the reduced interface. 
This reduction in d count leads to Au 4f shifts increasing from 0.0 
eV to 0.2 eV, and 0.7 eV for oxidized, reduced, and defected TiO2, 
respectively. The calculated shifts are in agreement with 
experimental XPS data (Figure 1A). Furthermore, we did not 
identify a positive Au 4f shift in other Au/O systems (see SI), 
suggesting the interaction between Au and the reduced TiO2 
surface is responsible for the formation of ionic Au observed in 
the measured spectra.  The XPS results and our calculations 
suggest that consumption of interfacial oxygen during CO 
oxidation leads to a SMSI, which traps the system in a meta-
stable state where Au is strongly bound to the reduced defective 
oxide like that modeled in Figure 2C (see SI for more details), 
giving rise to the ionic Au seen in XPS after CO oxidation. 
 
Figure 2. Schematic description of the interaction between Au and (A) oxidized, 
(B) reduced and (C) defective TiO2 (golden balls: Au atoms, red balls: O atoms, 
blue balls: Ti atoms). A calculated work of adhesion is < 0.1 J/m2 and 1.0 J/m2 
for oxidized and reduced TiO2, respectively. High binding energy shifts of ionic 
Au species are 0.0 eV to 0.2 eV, and 0.7 eV for oxidized, reduced, and defected 
TiO2, respective 
 
Figure 3. TEM images of Au/TiO2 (A) before CO oxidation, (B) after oxidation 
in O2 at 0.3 mbar and room temperature and (C) CO oxidation (CO:O2=1:2) at 
0.3 mbar and 100 °C. At bottom panel the images were colorized in order to 
highlight the differences between TiO2 support (blue) and Au NP (red). 
In order to check this morphological interpretation of the XPS data 
we turn to TEM to correlate the electronic structure with atomic 
arrangement. A TEM image of the Au/TiO2 after synthesis is 
shown in Figure 3A. The Au NPs synthesized by deposition 
precipitation have a mean diameter of approximately 5 nm before 
CO oxidation. No overgrowth of the support onto the NPs is 
visible, and the initial Auion species are only expected at the 
contact area between Au and TiO2 after synthesis. Furthermore, 
after oxidation in O2 TEM does not reveal any changes in size of 
Au NPs, only the wetting and faceting are different, no spreading 
of the support material over the Au NP surface was observed 
(Figure 3B), in agreement with the weak MSI predicted by DFT for 
oxidized TiO2 and the lack of ionic Au seen in XPS (SI, Table 1S). 
In contrast, after CO oxidation (CO:O2=1:2)  at 0.3 mbar and 
100 °C the Au NPs were covered by a thin layer of support 
material (blue in Figure 3C), which explains a decrease of Au 4f 
spectrum after CO oxidation. Also these observations confirm the 
XPS and DFT data, suggesting that SMSI takes place due to the 
reduction of the Au/oxide interface. 
 Our present findings explain changes in XP spectra of initially 
cationic species that are formed at the interface of Au particles 
and a transition metal oxide by the strong interaction between Au 
and the oxide. When the surface of TiO2 is fully oxidized DFT 
predicts that the lack of interaction between Au and oxidized TiO2 
will lead to the disappearance of any Auion in the XP spectrum, 
which explains the loss of Auion under an oxygen atmosphere 
seen in Figure 1. After CO oxidation the Auion component is 
present in the XP spectra again due to the reduction of the Au-
TiO2 interface by CO, which results in a SMSI. This strong 
interaction leads to the formation of an oxide overgrowth layer and 
the metastable structures observed in TEM. This behavior can be 
explained by removing oxygen atoms from the metal-support 
border, meaning that lattice oxygen from the transition metal oxide 
is involved in CO oxidation, this observation is in a good 
agreement with previous work [3d,13] and suggests CO is 






Figure 4. Mass-spectrometer signal during CO oxidation with 16O2 after 
saturation of the catalyst with labelled oxygen (via a Mars–van Krevelen like 
mechanism during CO oxidation with 18O2) at 1 bar and room temperature. 
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0.7 3.1 6.9*10-7 19 14a 
Deposition-
precipitation 
1.8 2.7 5.5*10-6 18 14a 
Impregnation 1.0 10< 1.7*10-10 58 14a 
Photochemical 
deposition 
1.0 4.6 1.5*10-10 56 14a 
Deposition-
precipitation 
3 4.0 1.1*10-6 - 14b 
In order to prove that an a such Mars–van Krevelen type 
mechanism is relevant, CO oxidation with labeled 18O2 was 
performed at 1 bar. According to our test there is no pressure gap 
between XPS cell and reactor, under both conditions the catalysts 
show similar behavior [7]. The sample was mounted in a U-shape 
plug-flow reactor and treated in 16O2 for 30 min at 25°C. After that, 
CO oxidation with labelled 18O2 was performed, which, if the 
reaction occurs via a Mars–van Krevelen mechanism, will 
saturate the lattice with 18O labeled lattice oxygen (not shown). 
After this step the reactor was flashed with He and CO oxidation 
with non-labelled 16O2 was performed. Mass-spectrometry shows 
the formation of C18O2 and C16O18O and later to C16O2 and a fast 
decrease of the former two signals with time (Figure 4). The 
obtained results indicate that the lattice oxygen of TiO2 
participates in the reaction pathway, which may lead to the 
formation of locally reduced TiO2 in the vicinity of Au NPs. These 
observations confirm that the CO oxidation on Au/TiOx is based 
on an Au-assisted Mars–van Krevelen mechanism. Despite the 
relatively large size of the Au NPs, our sample show a high CO2 
production rate (Table 1). From Table 1 it is clear that the catalytic 
performance of the NPs depends on the synthesis method, 
deposition-precipitation provides more active catalysts, probably 
because both, metallic and ionic, Au sites are present on the 
surface after synthesis. 
SMSI phenomenon on reduced TiO2 was experimentally 
observed for the first time almost forty years ago [15]. Cha and 
Parravano were one of the first who experimentally showed the 
importance of SMSI effect on Au/TiO2 [16]. Our findings are in the 
line with the general conclusions about SMSI reached earlier: 1) 
strong bonding occurs between the metal and reduced support; 
2) the metal and the supports interact via charge transferring; 3) 
SMSI effects are reversed under oxidation conditions [17]. The 
observed core level XPS shifts match well with Chusuei’s work, 
where they studied the BE of Au clusters on TiO2 as a function of 
the size of the NPs [18]. The shift was 0.8 eV for Au NPs of 2 nm 
and decreased with particle size. However, the origin of the BE 
shifts of metal NPs is controversial, some authors interpret it as 
an initial-state effect [19], while others attribute it to final state 
relaxation process [20]. The BE shifts are most likely a 
combination of both effects. In our case, however, the high BE 
component is the Auion bound to reduced TiO2, which is in 
agreement with recent electron paramagnetic resonance (EPR) 
experiments that showed a significant amount of Ti3+ ions in the 
vicinity of Au NPs after exposure to CO atmosphere at 120°C [21], 
where the removal and replacement of TiO2 surface lattice oxygen 
is reversible under oxidation/reduction conditions. It was shown 
that CO oxidation is occurring via reaction with lattice O from 
titanium oxide and that not only the gold surface is involved but 
rather the gold-oxide interface. Similar conclusions were found by 
other authors, a Mars–van Krevelen like mechanism has been 
experimentally observed on Au/TiO2 and takes place at the 
interface [13,21,22]. Theoretical studies confirm a reaction 
pathways via a Mars–van Krevelen mechanism at the periphery 
of titania supported Au NPs [23]. Recently the participation of 
lattice oxygen in the oxidation of carbon monoxide over Au 
catalyst supported on cerium oxide was experimentally observed 
as well [24]. Also it was shown that the presence of reduced TiO2 
species for the active catalyst compared to a deactivated catalyst 
plays the critical role in the wetting of TiO2 by Au [25]. Our isotope 
label CO oxidation experiments confirm the proposed assumption 
that TiO2 surface lattice oxygen represents the active oxygen 
species for CO oxidation at and above room temperature. Our 
results demonstrate that the nature of the metal/oxide bond is a 
key factor for Au activation, in particular, the important role of 
SMSI in the activation of Au-based catalysts. 
Experimental Section 
The in-situ XPS measurements were performed at the ISISS beamline of 
the BESSY II synchrotron radiation facility of the Helmholtz-Zentrum Berlin 
(BESSY II/HZB). Details about the system can be found elsewhere. [8,26]. 
The samples were palletized and pressed into a Cu mesh to reduce 
charging of the sample under X-ray beam. All samples were placed on a 
sapphire sample holder between a stainless steel backplate and a lid with 
6 mm hole. Heating was done from the backside with an infrared laser. 
The sample temperature was measured with a K-type thermocouple 
positioned at the sample surface. 
Au 4f spectra were acquired with the overall spectral resolution of 0.2 eV. 
The BE were calibrated using the Au 4f7/2 second order peak with accuracy 
of 0.05 eV. For quantitative XPS analysis, least-square fitting of the spectra 
was used (www.casaxps.com). . For deconvolution, a Doniach-Sunjic (DS) 
lineshape convoluted with a Gaussian function was used for Au 4f7/2.  
O2 and CO were dosed into the experimental cell using mass-flow 
controllers (MFC).  Under reaction conditions the total pressure in the 
experimental cell was 0.3 mbar in flow mode. 
TEM images were recorded using a Philips CEM 200 and a Cs-corrected 
(CEOS) FEI Titan 80-300 equipped with a Gatan Tridiem Image Filter. 
CO oxidation was investigated in a plug-flow fixed-bed reactor at 1bar. 
Gases (He, H2, O2, CO) are mixed via custom-designed switching valves. 
The U-tube reactor (i.d. = 5mm) is made of glass lined steel and is 
connected to a four-way valve used as bypass. The reactor is heated by a 
copper block oven, providing an isothermal (±1 K) zone of 4 cm at 
temperatures up to 400 °C. The temperature is monitored inside the 
catalyst bed. Gas analytics are performed by an on-line detector consisting 
of IR detectors for CO, CO2 and H2O and a paramagnetic sensor for O2 
(X-Stream, Rosemount). 
DFT calculations were performed at the Perdew–Burke-Ernzerhof (PBE) 
level with the Quantum ESPRESSO [27] package using ultrasoft 
pseudopotentials from the PS Library [28] with a kinetic energy cutoff of 60 
Ry and a charge density cutoff of 600 Ry. A k-point mesh equivalent to at 
















































least 8x8 was used for the (110) surface unit cell of gold and Marzari-
Vanderbilt cold smearing was employed with a smearing parameter of 0.02 
Ry. Core level shift were computed using the ΔSCF method to capture 
both initial and final state effects [29]. The Au(110)/TiO2(110) interface was 
modeled with a (1x11) 8-layer Au slab and (1x7) 3-layer rutile-TiO2 cell to 
minimize lattice mismatch—the cells were doubled in the a direction, 
(2x11) and (2x7), when a core hole was included as part of the ΔSCF 
calculation. Periodic images were separated by ca. 10 Å of vacuum. The 
cell dimension were fixed to those of Au, requiring a 0.6% and 1.4% 
compression of TiO2 in the (a,b) directions, respectively. The bottom 
(furthest from the interface) two layers of the Au slab were held fixed during 
geometry optimization. A 3-layer TiO2 slab was chosen as there was a 
negligible difference in the core level shits computed a 2-layer or 3-layer 
TiO2 slab.  The work of adhesions was computed as the energy difference 
between Au/TiO2 and the fully separated interface. The Au(110) surface 
energy was computed as the energy difference of a 21 atom slab, with the 
center 5 layers fixed, and bulk Au. 
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To address the question over the nature 
of Au activation we performed XPS 
measurements, DFT calculation, mass-
spectroscopy and TEM. Our results 
show the formation of an ionic Au 
species during CO oxidation. DFT 
calculations show that oxidized TiO2 
and Au interact weakly, whereas 
reduced and defective TiO2 show a 
strong metal-support interaction. Mass-
spectroscopy confirms CO oxidation on 
supported Au via a Mars–van Krevelen 
like mechanism. 
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